We present our results of an accurate and detailed study of the structural and transport properties of the recently proposed Haeckelite carbon nanotubes ͑HCNs͒ using the generalized tight-binding molecular dynamics scheme. The quantum conductance and the current vs voltage ͑I-V͒ curves for the HCNs were calculated using two independent methods: ͑i͒ an embedded form of the surface Green's function matching method and ͑ii͒ the Bardeen's transfer Hamiltonian approximation. The I-V characteristics thus obtained are compared with the corresponding ones of single-wall carbon nanotubes ͑SWCNs͒ of the same diameter and length. Our results indicate that, although infinite HCNs were reported to have many conduction channels compared to the SWCNs, contrary to expectations their conductivity under a given bias configuration is comparable to that of the SWCNs.
Single-wall carbon nanotubes ͑SWCNs͒ are quasi-onedimensional members of an allotropic form of carbon obtained by rolling up a graphene layer into the form of a cylinder. In this allotropic form, all carbon atoms form noncoplanar hexagons with rehybridized graphitic sp 2 orbitals due to the curvature. Depending on both the diameter and the chirality, SWCNs may exhibit metallic or semiconducting behavior. The electrical transport through carbon nanotubes has been found to be ballistic, and this has generated considerable interest from both theoretical and technological point of view. 1 A bond rotation in a SWCN results in the conversion of four hexagons into two pentagon-heptagon pairs. This type of rotation is known as Stone-Wales transformation. 2 Pentagonal and heptagonal defects have, in fact, been observed in bent nanotubes. 3 It is believed that the presence of such odd-membered carbon rings ͑OMCRs͒ can add a significant number of density of states ͑DOS͒ at the Fermi energy, E F , enhancing the electrical conductivity of the SWCNs. A stable tubular structure obtained from rolling up a graphene sheet containing OMCRs can, therefore, constitute a genuine quantum wire with useful technological applications. Indeed, very recently, just such types of nanotubes were proposed using theoretical stability analysis. 4 The graphene sheet containing OMCRs used in the construction of the tubular structures were shown to belong to three categories: ͑i͒ rectangular ͑R 5,7 ͒; ͑ii͒ hexagonal ͑H 5,6,7 ͒; and ͑iii͒ oblique ͑O 5, 6, 7 ͒. This new class of material was termed "Haeckelites."
By rolling up these Haeckelite sheets, one can obtain Haeckelite nanotubes ͑HCNs͒. The basic ingredient of HCNs is the OMCRs, which could give additional features to the HCNs not found in SWCNs. In particular, local density of states ͑LDOS͒ calculations revealed an intrinsic metallic behavior. 4 HCNs are predicted to be more stable ͑by 5 -130 meV/ atom͒ than the fullerene C 60 , making the synthesis of this new class of nanotubes probable. 4, 5 Furthermore, various kinds of HCNs were modeled by Lambin and Biro, 6 who, using molecular dynamics simulations, have shown that HCNs are less stable than SWCNs. Other calculations performed for HCNs in nanotori form have shown these to exhibit large magnetic moments when an external magnetic field is applied. 7 Conductivity studies of HCNs were reported by Rocquefelte et al. 5 Within the Landauer formalism, they have shown that infinite HCNs of the R 5,7 form ͑containing only pentagons and heptagons͒ and of the H 5,6,7 form ͑containing pentagons, hexagons, and heptagons͒ exhibit large conductivity as compared to corresponding SWCNs. This was attributed to the large number of conducting channels found around E F . Unfortunately, their study did not include the calculation of the current vs voltage ͑I-V͒ characteristics of the HCNs, which could have assessed the robustness of their conducting channels. 5 But, as they pointed out, the way these channels couple with the metallic leads in practical transport experiments is of major importance for realistic applications. The conducting properties can depend sensitively on the structural properties. A full I-V characterization of these structures using accurate structural parameters is, therefore, essential for a reliable assessment of their potential in molecular electronics.
The present work is geared to fill in this important detail. We investigate the structural and conducting properties of the Haeckelites to explore their device potential. The structural properties are investigated using the generalized tightbinding molecular dynamics scheme of Menon and Subbaswamy that allows for full symmetry unconstrained relaxation. 8 The details of our generalized tight-binding molecular dynamics ͑GTBMD͒ scheme can be found in Refs. 8 and 9. The GTBMD method makes explicit use of the nonorthogonality of the orbitals, resulting in a transferable scheme that works well in the range all the way from a few atoms to the condensed solid. The GTBMD scheme incorporates s, p, and d orbital interactions, enabling accurate treatment of semiconductor and transition metal systems as well as mixed systems consisting of both types of atoms. The transport properties are investigated using both an efficient embedding scheme based on the surface Green's function matching method ͑SGFMM͒, 10 and the transfer Hamiltonian approximation ͑THA͒ formalism. 11 Both methods have been used successfully in a variety of different problems, as for example, the structure and electronic properties of carbon-, BN-, Si-, SiC nanotubes, and in studying the magnetic properties of metallic grains. 9, [12] [13] [14] [15] The fully relaxed graphene sheets for the three types of Haeckelites are shown in Fig. 1 . The R 5,7 structure ͓shown in Fig. 1 ͑top͔͒ consists of only pentagons and heptagons. The surface is "rippled," with pentagonal and heptagonal faces protruding in opposite directions. Crespi et al. 16 had first proposed a similar structure, but planar. The H 5,6,7 structure is shown in Fig. 1 ͑middle͒. It is planar on relaxation and consists of three heptagons clustered together and surrounded by alternating hexagon-pentagon pairs. This pattern is repeated throughout the plane. The O 5,6,7 structure ͓Fig. 1 ͑bottom͔͒ consists of chains of heptagons separated by pentagon pairs and hexagons. This structure is found to be nonplanar on relaxation with a distinct curvature.
We next form tubular forms by rolling up these graphene sheets. We cap these structures and relax them using the GTBMD method. The relaxed Haeckelite nanotubes are shown in Fig. 2 . The presence of topological defects causes the surface of these nanotubes to be highly corrugated. Using the chiral ͑m , n͒ notation of Ref. 4 , the nanotubes are denoted by R 5,7 ͑0,4͒, H 5,6,7 ͑4,0͒, and O 5,6,7 ͑0,4͒. Their corresponding diameters are 8.22, 9.37, and 7.88 Å, respectively.
We perform calculations of transport properties of these nanotubes and compare results with those for ͑10,0͒ and ͑6,6͒ SWCNs which have similar diameters. All the tubes were capped to avoid dangling bond states at the ends. The lengths of all nanotubes ranged from 5 -6 nm. The conductivity calculations are performed using the SGFMM ͑Ref. 10͒ method. It should be recalled that the SGFMM refers to the resonant tunneling conductance and employs the implementation proposed by Datta 17 in the modification described in Ref. 10 . In this approach, the nanotubes are contacted to metal leads consisting of Ni͗001͘. Within the tight-binding approximation, the contact configuration of the HCN ͑or the SWCN͒ is described by a self-energy term which includes implicitly the strength of the metal-tube interaction as specified by the metal-tube distance, the type of the metal, its orientation, its contact-surface roughness, etc. According to our embedding-scheme approach, this interaction is given in terms of the Green's function of the pure metal under the condition that this Green's function satisfies Dirichlet's boundary condition at the metal-tube interface. The latter is taken to be at a distance of c 001 , i.e., the interlayer distance between successive Ni͑001͒ planes. 10 In Fig. 3 , we show the I-V characteristics of the nanotubes. The inset shows the densities of states ͑DOS͒ for the nanotubes.
As seen in the figure, the conducting behaviors for the three Haeckelite nanotubes are similar when biased via metallic leads. The R 5,7 ͑0,4͒ nanotube appears to be the most conducting, and the H 5,6,7 ͑0,4͒ nanotube the least for bias voltages greater than 1.0 volt. For smaller biases this order is reversed. Their conductivities, however, are comparable to that of the ͑10,0͒ and ͑6,6͒ SWCNs. This is rather surprising in view of the work reported in Ref. 5 , where large conductivity values were found for the Haeckelite nanotubes. In order to further verify our results we have performed I-V calculations for the same nanotubes using the THA method, which employs a different scheme to calculate the conductance. Specifically, the THA corresponds to the calculation of the tunneling conductance as proposed by Bardeen 18 and as implemented in Ref. 11 . In this computational scheme the applied bias is incorporated as a modification of the diagonal matrix elements of the tight-binding Hamiltonian describing the nanotube; it affects all tube atoms, and its value at the tube edges ͑each edge includes all the atoms at the endcap͒ takes the value of the corresponding bias potential energy, while it is assumed to vary linearly from the one end of the tube to the other. Additionally, in the present work, a zerothorder self-consistency is imposed in our THA treatment according to which the Fermi energy of the system is determined self-consistently at each value of the applied voltage. The SGFMM appears to be equivalent to the weak coupling version of Bardeen's THA as discussed by Datta 19 ͑provided that one of the metal-tube couplings is weak͒. This condition holds approximately in the present case for the Ni-metal leads used as described above. We obtain the same ordering of current values using the THA method.
These observations allow one to conclude that the excess electron DOS in the HCNs, which is expected to appear at their Fermi level because of the presence of the pentagonheptagon pairs ͑see verification in the inset of Fig. 3͒ does not contribute to conduction. This can be attributed to the ballistic nature of the conduction, which, as such, depends on the resonance structure of the transmission function T͑E͒ of each HCN or SWCN rather than on the value of the electron DOS at the Fermi level. As seen in Fig. 4 , the T͑E͒ resonances of the conductance of the biased-HCNs do not exceed the quantum of conductivity ͑e 2 / h͒, although in some cases the density of the T͑E͒ resonances is increased compared to that of the SWCNs.
In conclusion, we have calculated the transport properties of HCNs and SWCNs using both the SGFMM and the THA methods. Both of these methods have led to the same qualitative and quantitative results for the I-V characteristics of HCNs and SWCNs, and have demonstrated that no major differences in electron transport exist between them.
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